ABSTRACT -Initial estimates of ocean surface wind speed and direction based on observations of reflected GPS signals are presented and compared to QuikSCAT wind fields. The two wind speed estimates are generally in agreement to within 2-3 m/s, and under favorable conditions of well developed seas and stable winds, direction estimates agree to within 10 deg. An overview of the GPS technique is presented as well as a presentation and discussion of these first results.
INTRODUCTION
In 1996, NASA researchers Stephen J. Katzberg and James L. Garrison identified the potential application of the Global Positioning System (GPS) to remote sensing of ocean surface conditions [l, 21. Their concept was to use GPS in a bistatic radar configuration with the GPS satellite transmitting an L-Band spread spectrum signal, and the receiver on an aircraft or spacecraft platform measuring the reflected signal characteristics. Since then, Katzberg and Garrison have continued to investigate the properties of the ocean-reflected GPS signals and have developed a specialized Delay-Mapping GPS receiver (DMR) to measure the reflected signals [l, 31 . Using the DMR and geophysical models to predict the interaction of the GPS signals with sea water, researchers have been able to estimate wind speeds on the ocean surface with an accuracy of 2 m/s [l] . Recently we have developed a new approach that extends the GPS-based wind retrieval to determination of wind direction as well as wind speed, based on measurements from two or more reflected GPS signals [3]. To validate the performance of GPS for wind vector retrieval we have previously relied on buoy data and wind speed estimates from TOPEX\POSEIDON [4]. This paper describes our first comparisons to wind vectors derived from the SeaWinds scatterometer onboard QuikSCAT. Ku-Band scatterometers represent the current state-of-the-art in sea surface wind remote sensing, providing highly accurate measurements with good temporal and spatial resolution on a global scale. The QuikSCAT science team provides a variety of wind products including wind vector maps at 25 km resolution. Nominal accuracy for the QuikSCAT wind vectors is 2 m/s and 20 deg for wind speed and direction, respectively. Performance is somewhat worse for wind speeds below 3 m/s, for grid points within 25 km of land, and for points very close to nadir or at large look angles. Algorithms are included in the QuikSCAT data reduction that resolve wind direction ambiguities and corresponding wind speed estimates. QuikSCAT observations provide a snapshot of the ocean surface conditions at the time of the satellite overflight. The backscatter measurements at Ku-Band are sensitive to rapid changes in the surface conditions making this a powerful sensor for wind retrieval. Because of the substantially different mechanisms for forward scattered L-Band reflections, the measurement and retrieval of wind vectors from GPS may provide a very useful complement to scatterometer observations in improving global wind observations and models.
GPS-BASED WIND ESTIMATION
As presented in [l, 2, 31, GPS-based wind retrievals rely on the modification of the correlation function for signals reflected by rough surfaces. The basic observable is not the pseudorange or carrier phase measurement used for most GPS applications, but rather a measure of the correlation of the reflected signal with a delayed replica of the PRN code. The distribution of this function over delays (and Dopplers) provides a mapping of the reflecting surface. In particular we use a model developed by Zavorotny and Voronovich (Z-V) [5, 61 for prediction of the reflected signal structure. The Z-V model embodies the forward-scatter radar equation with the geometric optics limit of the Kirchhoff Approximation. The distribution of ocean surface slopes is assumed to be Gaussian with variances determined by a wave spectra model such as that developed by Elfouhaily et al. [7] . These slope statistics define the shape and orientation of the glistening zone over which GPS signals are reflected toward the receiving antenna. The models currently used predict the maximum variance in the up/down-wind direction and minimum variance in the cross-wind direction. This allows for the identification of wind direction with a 180 deg ambiguity. More advanced models that include up/downwind asymmetry due to effects such as Bragg scattering are currently under development. To estimate wind vectors from GPS observations we first determine the surface slope statistics in the model which best fit the data. The second step is to use an ocean model to retrieve a wind speed and direction estimate from the slopes. Two satellites are necessary to recover the directional information lost in measuring the return from the entire annulus of the glistening zone with the DMR. In the current implementation, we try to use satellites with relatively high elevation angles to insure that the specular points are nearly co-located and that the elevation 0-7803-6359-0/00/$10.00 0 2000 IEEEangle-dependent slope statistics are nearly the same for both satellites. A degenerate case occurs when the angle between the incident planes of the two GPS satellites is very close to 90 deg. In this situation only the magnitude of the angle between the incident plane and the up/downwind direction can be determined, and an additional ambiguity exists in the wind direction. The correct wind speed is chosen by interpolating the estimated slope statistics against the slope statistics from the Elfouhaily model [7] . Underlying the wave spectra and Z-V models are assumptions about the ocean conditions that affect the performance expected. In particular, the current model assumes well developed seas, with no swell. Coastal effects are not included. These simplifying assumptions limit the applicability of the current implementation under coastal and highly variable ocean conditions.
INITIAL RESULTS
On February 28 and March 11, 2000, Dr. Katzberg conducted two flight tests in a B200 aircraft off the Virgina coast to gather GPS reflection data coincident with QuikSCAT overflights. Fig. 1 and Fig. 3 show the QuikSCAT wind fields and aircraft flight tracks for March 11 and February 28, respectively. The February 28 map also shows the location of three buoys for which wind speed and direction data was logged by the National Data Buoy Center (NDBC). (Unfortunately, similar buoy data for March 11, 2000 has not been archived.) DMR data logged at 10 Hz were grouped into one-minute segments numbered sequentially along the flight tracks. Results of the GPS-based wind vector retrievals for each one minute sample on the two days are shown in Figs. 2 and 4 . The March 11 QuikSCAT wind field shows very stable winds in the range from 8.5-10 m/s, due north (within +/-10 deg) over the entire aircraft flight path. GPS-derived wind direction estimates, shown in Fig. 2b are also consistently within about 5 deg of North. GPS-based wind speeds for the first 10 samples are quite low, reporting values as low as 5 m/s as compared to the consistent 10 m/s QuikSCAT result. Beginning at sample 18, the GPS wind speed estimates move toward the QuikSCAT values with most of the points falling within the 2 m/s error range. This data set presents a very favorable situation for GPS versus QuikSCAT comparisons. The wind field is quite stable and does not originate over the land; thus the wave spectra model assumptions should be valid under these conditions and good agreement is to be expected. The discrepancy in wind speed may be related to a relatively large difference between the elevations of the two satellites at the beginning of the flight. Initially one satellite is at an elevation of 44 deg while the second is at 63 deg. By the middle of the flight, the first has risen to 53 deg. We expect that a more accurate wind speed estimate can be obtained using only one of the two satellites or by modifying our algorithm to accommodate different elevations. The February 28 QuikSCAT wind field presented in Fig. 3 shows quite a different situation with relatively low wind speeds (< 6 m/s) throughout, and wind directions that vary over 70 deg. Furthermore, winds along the flight path originate over the land areas. Surprisingly, GPS wind speed estimates fall within 2 m/s of the QuikSCAT estimates, despite the low wind speeds and a large difference in satellite elevations. The GPS-derived wind direction is very stable, in the range of 80-90 deg throughout the flight, not at all reflecting the rapid variations seen in the QuikSCAT estimates. There are number of possible explanations for this, most important of which is the low wind speed, which may lead to unreliable direction estimates for both methods. A second possibility is the longer averaging time inherent in the GPS L-Band observations and data grouping. Hourly data from all three buoys shows consistent wind direction in the range of 90-110 deg over a two hour period surrounding the flight tests. A third consideration is related to the GPS satellite geometry. Throughout this flight, the azimuthal separation of the two GPS satellites was very close to 90 deg. As described previously, this degenerate case leads to an ambiguity in the wind direction related to the angle between the wind and the incident plane. For a true wind direction of 90 deg, at the start of the experiment (Sample l), the ambiguity is such that the possible wind directions are only 90 deg and 270 deg; however, for sample 30, the two satellite azimuths have shifted by 30 deg, resulting in possible wind directions of 90, 150, 270, and 330 deg.
CONCLUSIONS
The results presented here represent the first comparisons between GPS-derived ocean surface wind vectors and QuikSCAT wind fields. We plan to continue these comparisons with additional flight experiments and analysis under both favorable and challenging conditions with the goal of exploring the possibility of using GPS as a complimentary sensor to airborne and spaceborne scatterometers. The use of GPS for wind retrievals, is an emerging technology with considerable opportunity for further development of the theory and instrumentation, and significant potential for contributing to our understanding of regional and global ocean surface conditions. 
